Detailed analyses of trends in annual and seasonal minimum and maximum temperatures, as well as the diurnal temperature range, were investigated over Limpopo Province, South Africa, for the period 1950 to 1999. Daily data from 30 catchments were used to analyze the trends. Overall there was an increase of 0.12°C per decade in the mean annual temperature for the 30 catchments, over the 50 year period. A non-uniform pattern of changes in temperature was evident across the different catchments; 13% of the catchments showed negative trends while 87% showed positive trends in their annual mean temperature. Furthermore, 20% of catchments showed negative trends while 80% of catchments showed positive trends in their diurnal temperature range. The seasonal trends showed variability in mean temperature increase, of about 0.18°C per decade in winter and 0.09ºC per decade in summer. The significance of this work lies in the linkage of temperature to the hydrological cycle.
Introduction
Several studies investigating temperature trends over South Africa have been published in the literature. Muhlenbruch (1992) reported a decrease in maximum temperatures but an increase in minimum temperatures in South Africa between 1940 and 1989. This pattern was most pronounced during the spring season from September to November (SON), but reversed in the autumn period of March to May (MAM). These findings were later contrasted by Karl et al. (1993) who reported an increase in both maximum temperatures and minimum temperatures but a decrease in the diurnal temperature range in South Africa, for the period 1951 to1991. Jones (1994) reported consecutive cooling and warming periods for 1885 to 1915 and 1915 to 1945, respectively . The paper also reported a slight cooling period from 1945 to 1970, followed by a rapid warming period from 1970 to 1990. Hugues and Balling (1995) reported an increase of 0.11ºC in maximum and 0.12ºC in average temperatures per decade, over the period 1960 to 1990. These trends were significant for both non-urban and urban stations. Kruger and Shongwe (2004) have shown that the average temperatures in South Africa for the 1990s was significantly warmer than preceding decades, 18.48ºC for 1991 to 2003 compared to 18.18ºC for 1960 to 1990. The average temperature trend from 1991 to 2003 was 0.09ºC per decade, compared with 0.11ºC per decade from 1960 to 1990. It was also found that there was a relatively rapid increase in average temperatures in the early 1960s, which consequently caused the general increase in temperature over the full period from 1960 to 1990. While the trend in annual mean temperatures of 0.13ºC per decade for 1960 to 2003 is significant, insignificant trends of 0.04ºC per decade and 0.01ºC per decade were found for 1960 to 1982 and 1983 to 2003, respectively. In particular, Kruger and Shongue (2004) found significant increase in temperature between 1960 and 2003 for the three stations Bela Bela, Polokwane and Musina situated in the Limpopo Province in north-eastern South Africa. This paper aims to provide a spatially more continuous picture of temperature trends over Limpopo, by considering trends in temperature for all catchments within the province. Furthermore, the results on temperature trends from the different studies reported on above do not provide a consistent picture of temperature trends over South Africa and Limpopo in particular.
The present study will attempt to obtain more clarity on the sign and pattern of the temperature signal over Limpopo.
South Africa is known to be a water stressed country (Schulze, 2000 and RSA, 2002; IWMI, 1996; Ochieng and Otieno, 2004) . Temperature changes influence the hydrological cycle processes in a direct or indirect ways (Parry et al., 2001 ). An increase in temperature typically causes the intensification of the hydrological cycle, as a result of the increase in evaporation as well as precipitation. That is, temperature changes may lead to changing patterns of precipitation, the spatial and temporal distribution of runoff, soil moisture, and groundwater reserves, as well as (increase) in the frequency of occurrence of droughts and floods (Arora et al., 2005) . Indeed, Parry et al., (2001) reported a steep rise in the water shortage curve when plotted against rise in temperature. (Schulze, 2000 and reported that South Africa is situated in a region with increasing levels of water quality problems, amalgams of population growth and issues of social and economic development. Further stresses on water resources arising from potential climate change will intensify these problems over much of the country and the wider Southern African region.
Changing temperature patterns could also have knock-on effects on soil characteristics, since temperature and water content are important soil physical factors for plant growth. Non-optimum levels of water and temperature conditions can strongly perturb plant development, especially at the early stages of growth such as seed germination and emergence (Helms et al., 1996) . Identification of temperature and rainfall trends over Limpopo is necessary in order for knockon effects on aspects such as soil and plant growth characteristics to be explored. This paper aims to determine trends in the monthly, seasonal and annual, maximum and minimum temperatures, as well as the diurnal temperature range over Limpopo-from daily temperature records over a period covering 5 decades. Results from this analysis can be used as a base to investigate the impacts of temperature on agriculture and water. Results from the analyses will also add more knowledge on past climatic variability and provides a platform for understanding the regional impacts of global warming and climate change.
Regional setting
This study focuses on Limpopo Province located in the north of South . Limpopo is one of the developing provinces in South Africa and is particularly vulnerable to climate change impacts, due to its exposure to extreme weather events (Levey and Jury, 1996; Tennant and Hewitson, 2002; Cook et al., 2004) . The province has three distinct climatic regions: the Lowveld region which is characterised by a semi-arid climate(s), the Middle-and Highveld that is considered semi-arid, and Escarpment that experiences sub-humid climate (Limpopo Department of Agriculture, 2008).
The province experiences long sunny days and dry weather conditions on most days. During the summer months, warm days are often interrupted by a short-lived thunderstorm (Limpopo Department of Agriculture, 2008) . It can get very hot in summer (October and March), with average temperatures rising to 27ºC in summer and 20ºC in winter. The bulk of the precipitation occurs in summer, and annual rainfall totals range from about 400-600 mm over most of the province (Anon, 2007) . Although communities in the Limpopo region may have some ability to adapt to the long term changes in climate, such as increased seasonal temperature and changed patterns of precipitation, they are nevertheless heavily stressed by the frequency of occurrence of extreme weather events (defined as weather phenomena that are at the extremes of the historical distribution, especially severe or unseasonal weather- WMO, 2004.) . The province has great biodiversity and is very important for tourism, because of the presence of a number of national parks such as the Kruger National Park/Limpopo Transfrontier Park. Furthermore, the province has a large rural population and farming is of considerable importance (Reason et al., 2005) .
Data and methodology
Data used in the study was provided by the School of Bioresources Engineering and Environmental Hydrology at the University of KwaZulu-Natal. It consisted of daily maximum and minimum temperature from hydroclimatic data collected from more than 970 qualifying temperature stations, over the 50 year period 1950 to 1999. The data was quality controlled using infilling and record extension techniques developed by Schulze and Maharaj (2004) . A time series at each of 429 700 one arc minute (≈1.7 km x1.7 km) raster points covering South Africa was derived, using regionally and seasonally determined lapse rates and other physically appropriate spatial interpolation approaches. More details on this method can be obtained from Schulze and Maharaj (2004) .
During the pre-processing stage, the daily average temperature (AvT) was calculated from the arithmetic averages of the daily maximum temperature (MxT) and minimum temperature (MnT). The diurnal temperature range (DTR) was computed by subtracting the daily MnT from the daily MxT. Monthly means were calculated from the daily average, minimum and maximum temperatures. Thereafter, temperature trends were calculated for the monthly averages over the fifty year period for each catchment. The trends were estimated by fitting a linear regression line on the monthly temperature data. This procedure for identifying trends is used widely (e.g. Arora et al., 2005; Mote, 2003) and has also been applied to identify trends at specific weather stations in South Africa (e.g. Kruger and Shongue, 2004) .
The following linear trends function was applied to the seasonal/annual temperature values of the catchments:
Where t (months) = 1, 2, ..., 600; x (t) is the seasonal/annual temperature ( e.g., average, maximum or minimum temperature) and a is the linear trend (in °C/year).
Furthermore, the annual and seasonal temperature averages were calculated for each of the catchments, and the corresponding trends were calculated. Seasons were defined following the usual conventions, e.g. winter: June to August (JJA) and summer: December to February (DJF).
In addition, the trends were tested for statistical significance using the Mann-Kendall test, which is a non-parametric test (Hall et al., 2006; Capodici et al., 2008) . The n time series values (X 1 , X 2 , X 3 ,...,X n ) are replaced by their relative ranks (R 1 , R 2 , R 3 ,...R n ) (Starting at 1 for the lowest up to n).
The Mann-Kendall statistic S is: ISSN 1916 -9779 E-ISSN 1916 16 lowest temperatures occur in July (about 15 o C), with the average annual temperature being about 22 o C. The graph simply shows the intra-annual cycle in temperature that is driven by radiation. Figure 3 shows that the majority of the considered catchments (70%) experienced positive trends in the annual mean maximum temperature (AMMxT), with 63% of the catchments displaying positive trends in the annual mean minimum temperature (AMMnT) (Figure 4) . Furthermore, the analysis of average temperature (AvT) exhibited positive trends for 87 % of the catchments (Figure 2) . The generally positive temperature trends in Limpopo are consistent with the results of Kruger and Shongwe, 2004. Detailed analysis of mean annual average temperatures show that the highest positive mean annual trend recorded among the 30 catchments over Limpopo was 0.1°C per decade, whilst the largest negative trend is -0.03°C per decade. Not all the areas in Limpopo exhibited the same trends, with the north western portions warming up the fastest. The general rising trends in temperature could have implications for evaporation and water management in the province.
Trends in mean annual maximum, minimum and average temperature
Trends averaged over all the catchments were investigated using the Mann-Kendall test as described earlier. The trends in the mean annual maximum, minimum and mean temperature were all found to be statistically significant at 0.01 significance level. For all cases, the trends averaged over the catchments were found to be positive. Figure 2 shows that the majority of the considered catchments ((70%)) (87%) experienced positive trends in the annual mean maximum temperature (AvT). 
Seasonal trends
As illustrated in Figure 5 seasonal (winter and summer) temperature trends exhibit variations over different catchments and seasons. Both seasons experienced generally positive trends in temperature over the last 50 years. The mean annual temperature trends of the thirty catchments were found to be 0.18 o C/decade and 0.09 o C/decade for winter and summer, respectively. In winter the majority of catchments, ~87 % /decade (See Figure 5) , experienced positive trends, while 13% of the catchments showed negative trends. Summer temperature trends ( Figure 5 ) followed a similar pattern than the winter pattern. These results indicate that temperature trends over the 50 years from 1950-1999 are not consistent between seasons. Trends were investigated using the Mann-Kendall test as described earlier and the results indicated that the trends in summer temperatures were significant at the 0.05 significance level. For the winter period as well, the trends were found to be significant at the 0.01 level. 
Trends in diurnal temperature range (DRT)
In the present paper, we define the DRT as the temperature difference between the maximum and minimum temperature over a period of twenty four hours, starting from 00h00 (at mid-night). In a careful analysis of temperature trends for a period of 50 years (starting from 1950); it was found that about 80% of the catchments showed positive trends, with 20% showed negative trends in the DTR (Figure 6 ). At the regional scale, variation in DTR trends may be caused different local factors such as soil moisture; by influencing evaporative cooling, the ground albedo and the ground heat capacity. These effects tend to be most influential in the occurrence of extreme hot days as reported by Durre et al. (2000) . Catchments found in the Northern central interior of Limpopo Province experienced the highest increases in the DTR, in association with large increase in maximum (see Figure 6 ).
Dickinson 2002)
. The increase in Tmax has been observed to be at a much smaller rate, resulting in a decreasing trend in DTR, this magnitude of which is comparable to the mean warming itself. As an identifiable characteristic of recent climate change, this trend is important in diagnosing the forcing responsible for the change, and in particular the anthropogenic component. However, the cause of the DTR trend is still poorly understood, as is its relation to anthropogenic forcing. The higher albedo of clouds decreases the downward solar radiation during the day, and thereby reduces Tmax. Indeed, observational studies link the decreasing DTR to coincident increases in precipitating clouds (Karl et al., 1993) . These low base clouds are particularly effective in reflecting sunlight, and changes in their frequency of occurrence would be expected to have the strongest impact on the DTR. Clouds also produce more downward long-wave radiation, so increasing night time cloud cover which would increase Tmin and thereby decrease the DTR. However, the tendency of the diurnal cycle of cloud cover over global land areas during recent years is currently unknown.
Discussion and conclusions
The global average surface temperature has increased by 0.6 ± 0.2°C over the last century, and it is expected that by 2100 the increase in temperature could range between 1.4 to 5.8°C (IPCC, 2007) . Temperature changes have not been uniform globally, but have varied over regions and different parts of the lower atmosphere. In the South African context, a rise in temperature has been reported by (Hughes and Balling, 1999; Kruger and Shongue, 2004) . This study departs from others performed over South Africa in the sense that more spatial detail of temperature trends is provided, and it therefore adds a significant contribution to our understanding of possible effects of temperature changes over Limpopo Province. Overall there was an increase of 0.12°C/decade in the mean annual temperature for the 30 catchments over the 50 year period. A non-uniform pattern of changes in temperature were evident across the different catchments. The long term fluctuation in temperature has been represented by computing the linear trends in the data records. Although, the variability of temperature trends exhibits a spatial dependence, the trends are undoubtedly real and the warming is large enough to have significant impacts on the hydrology and ecosystems of the region.
In our analysis of trends of DTR over Limpopo, it was also observed that the variations in the local temperature trends are not spatially uniform. Each catchment exhibits unique trends; for instance, positive DTR trends seem to occur more in the northern and central regions of the province. This result provide additional and specific information that corroborate with the general increase in temperature over Limpopo reported by Kruger and Shongwe (2004) who is findings were based on a small number of stations in the province. Trends in seasonal temperatures showed that the temperature trends are not uniform throughout the year (see Figure 5) , with winter being the season with highest temperature trends on average and spring being the season with lowest trends. In general, there is no spatial coherence in the results of temperature trends for specific seasons. The mean maximum, minimum and average annual temperatures show positive trends for the majority of the catchments. From these findings, the rising temperature patterns provide favourable conditions for the geographical expansion of vector borne diseases such as malaria, East coast fever -especially if the temperature increases would occur in conjunction with increases in extreme rainfall events. The assertion is derived from the several mathematical models as well as surveillance and direct observations reported in the literature (see for example (in) Olwoch et al., 2008) . In addition, climate impacts on human health will interact with those on rural livelihoods, in particular (Midgley et al., 2007) .
The potential contribution of these findings to studies of livelihoods in Limpopo is illustrated by the findings reported by FAO (2004) , who used temperature changes as proxies to estimate that Southern Africa households were more susceptible to climate variability and drought; that these households were increasingly being threatened by desertification processes, degradation of land and water resources and loss of biodiversity. This study provides clear evidence of rising temperatures over Limpopo, and potential links to the hydrological cycle and impacts on agriculture and water resources in the province need to be explored in future research. 
